Fermi liquid theory is remarkably successful in describing the transport and optical properties of metals; at frequencies higher than the scattering rate, the optical conductivity adopts the wellknown power law behavior σ1(ω) ∝ ω −2 . We have observed an unusual non-Fermi liquid response σ1(ω) ∝ ω −1±0.2 in the ground states of several cuprate and iron-based materials which undergo electronic or magnetic phase transitions resulting in dramatically reduced or nodal Fermi surfaces. The identification of an inverse (or fractional) power-law behavior in the residual optical conductivity now permits the removal of this contribution, revealing the direct transitions across the gap and allowing the nature of the electron-boson coupling to be probed. The non-Fermi liquid behavior in these systems may be the result of a common Fermi surface topology of Dirac cone-like features in the electronic dispersion.
Fermi liquid theory is remarkably successful in describing the transport and optical properties of metals; at frequencies higher than the scattering rate, the optical conductivity adopts the wellknown power law behavior σ1(ω) ∝ ω −2 . We have observed an unusual non-Fermi liquid response σ1(ω) ∝ ω −1±0.2 in the ground states of several cuprate and iron-based materials which undergo electronic or magnetic phase transitions resulting in dramatically reduced or nodal Fermi surfaces. The identification of an inverse (or fractional) power-law behavior in the residual optical conductivity now permits the removal of this contribution, revealing the direct transitions across the gap and allowing the nature of the electron-boson coupling to be probed. The non-Fermi liquid behavior in these systems may be the result of a common Fermi surface topology of Dirac cone-like features in the electronic dispersion.
In a Fermi liquid, the complex conductivityσ = σ 1 + iσ 2 can be expressed through the generalized Drude model, σ(ω) = ω 2 + (2πk B T ) 2 , where A is a constant that varies with the material [1, 2] . In the frequency domain, for ωτ 1 the conductivity varies slowly, but for ωτ 1 the conductivity adopts a powerlaw behavior, σ 1 ∝ ω −2 ; however, deviations from this behavior may be observed in strongly-correlated electronic systems [3] [4] [5] [6] [7] .
RESULTS
The temperature dependence of the optical conductivity of optimally-doped Bi 2 Sr 2 CaCu 2 O 8+δ , one of the most thoroughly studied cuprate high-temperature superconductors [8] , is shown versus wave number (photon energy) in a log-log plot in Fig. 1a for light polarized along the crystallographic a axis [9] . Just above T c it may be argued that the optical properties are consistent with those of a Fermi liquid (see Supplementary Information and Fig. S1 online for a discussion of different models for the optical conductivity and the frequency-dependent scattering rate); this statement is in keeping with the proposed phase diagram for the high-temperature superconductors [10] . Below T c there is a rapid reduction of the low-frequency conductivity or spectral weight, which is defined as the area under the conductivity curve; this 'missing spectral weight' is the optical signature for the formation of a superconducting condensate [8] . However, even down to the lowest measured temperature there is still a significant amount of low-frequency residual conductivity [11] . This is because, unlike a conventional swave superconductor in which the entire Fermi surface is completely gapped below T c , the cuprate materials have a momentum-dependent d-wave gap that contains nodes [12, 13] 
, where ∆ 0 is the gap maximum.
The presence of nodes allows pair-breaking out of the superconducting state resulting in unpaired nodal quasiparticles [14] . For low photon energies ( ω 2∆ 0 ) only the nodal structure of the d-wave gap is probed and the Fermi surface topology is similar to that of the Dirac cone observed in graphene and other quantum materials [15, 16] . The rapid collapse of the quasiparticle scattering rate [17] below T c indicates that in the far-infrared region ωτ 1, so σ 1 ∝ ω −2 should be clearly revealed. Surprisingly, what is observed instead is that below T c lowfrequency residual optical conductivity forms a family of lines with the same non-Fermi liquid fractional power law behavior σ 1 ∝ ω −1.2 ; in metallic systems at lowfrequency where σ 1 σ 2 , this is approximately equivalent to the scattering rate having a fractional power law behavior 1/τ ∝ ω 1.2 . Another family of cuprates that has been extensively investigated are the YBa 2 Cu 3 O 6+y materials. The optical conductivity of optimally-doped YBa 2 Cu 3 O 6.95 is shown in Fig. 1b for light polarized along the a axis; this crystallographic axis is transverse to the copper-oxygen chains and should therefore probe the dynamics of only the copper-oxygen planes [18] . Well below T c , the observed power law for the residual conductivity σ 1 ∝ ω −1.2 is identical to the response observed in optimally-doped Bi 2 Sr 2 CaCu 2 O 8+δ . The underdoped YBa 2 Cu 3 O 6.60 sample is of particular interest due to the formation of a pseudogap in the normal state [19] and the commensurate reduction of the Fermi surface around the nodal regions, a condition that has been referred to as a 'nodal metal' [20, 21] . The optical conductivity for this material is shown in Fig. 1c for light polarized along the a axis. Just above T c in the normal state the lowfrequency optical conductivity may be described using a non-Fermi liquid power-law, σ 1 ∝ ω −0.85 ; however, what is fascinating is that well below T c the response of the unpaired quasiparticles displays the identical fractional power law. This indicates the (unpaired) quasiparticles appear to behave the same way regardless of whether it is the pseudogap that results in the reduction of a large Fermi surface to a small arc or pocket [22] , or the formation of a d-wave superconducting energy gap resulting in nodes. This non-Fermi liquid power-law behavior in the underdoped material has been previously observed in the microwave region [23] ; however, in that work the exponent is considerably larger, σ 1 ∝ ω −1.45 . The most likely source for this disagreement is the fact that the microwave experiments are done in the ωτ ∼ 1 region, while the optical work was performed in the ωτ 1 limit, suggesting that the relaxation processes in these two regimes may be different. Surprisingly, recent results on the single-layer, underdoped cuprate HgBa 2 CuO 4+δ demonstrate that it displays Fermi liquid-like behavior [24] , indicating that the nature of the underdoped (pseudogap) region in the cuprate materials is still controversial.
Interestingly, an almost identical behavior has also been observed in the AFe 2 As 2 (A = Ba and Ca) ironarsenic compounds [25] . In BaFe 2 As 2 a spin-densitywave (SDW) state develops below T SDW 138 K, resulting in the formation of a Dirac-like cone in the electronic dispersion close to the Fermi surface [26, 27] with small pockets or puddles. The frequency-dependent scattering rate has a clear quadratic component just above T SDW , suggesting the non-magnetic state of this material may be described as a Fermi liquid (see Supplementary  Fig. S2a online) ; when the SDW transition is removed by Co substitution, the quadratic behavior persists from 295 K down to 27 K (see Supplementary Fig. S2b online). The optical conductivity of BaFe 2 As 2 is shown in Fig. 1d ; for T T SDW we once again observe the fractional power law in the residual low-frequency optical conductivity [28] , σ 1 ∝ ω −1.2 , similar to that seen in the ground state of several of the cuprates. The identical power law is also observed in CaFe 2 As 2 for T T SDW (see Supplementary Fig. S3 online).
DISCUSSION
One important aspect of the fractional power law lies in its ability to remove the nodal quasiparticle (residual) response that masks the gap. In a superconductor, the real part of the optical conductivity at low frequencies may be expressed as the linear combination σ 1 (ω) = δ(0) + σ qp + σ gap + · · · , where δ(0) is the zero-frequency component that corresponds to the superfluid density, σ qp is the conductivity due to the unpaired quasiparticles, and σ gap is the contribution due to direct excitations across the gap. [In the normal state, δ(0) is absent and σ qp is just the quasiparticle response from the whole Fermi surface.] Because we now have an explicit functional form for σ qp for various materials, then for ω > 0 we neglect δ(0) and the low-frequency response is σ gap σ 1 (ω)−σ qp . The conductivity due to the superconducting energy gap may be described phenomenologically using a Kubo-Greenwood approach [29] in which all the zero-momentum transitions across the gap in the Brillouin zone are considered; in general terms, the optical conductivity due to the gap is a reflection of the joint density of states of the photo-excited electron and hole pairs. In a conventional superconductor with an isotropic energy gap ∆ and weak coupling to phonons (or any other exchange boson), then for T T c in systems at or close to the dirty limit [1/τ 0 2∆ where 1/τ 0 = 1/τ (ω → 0)], the onset of absorption will occur at 2∆; for modest coupling, this onset shifts to Ω 0 + 2∆, where Ω 0 is the energy of the boson [30, 31] . Similarly, in a d-wave superconductor in the dirty limit with weak coupling, the onset would be expected at ω 0; however, for moderate coupling the onset should shift to Ω 0 with a local maximum at Ω 0 + 2∆ 0 .
The result for the removal of the quasiparticle contribution, σ 1 (ω) − σ qp , is shown in Fig. 2 for Bi 2 Sr 2 CaCu 2 O 8+δ at ∼ 6 K, well below T c the resulting conductivity is effectively zero at low frequency and the onset of conductivity does not begin until ω 400 cm −1 . This corresponds to the bosonic excitation at Ω 0 , the frequency above which a change occurs in the optical conductivity due to the strong renormalization of the scattering rate (see Fig. 1a ). This indicates that there is at least moderate electron-boson coupling in this material [32, 33] and that the local maximum in the conductivity will be at Ω 0 + 2∆ 0 . The inferred values of Ω 0 50 meV and ∆ 0 35 meV are in good agreement with estimates for these quantities based from angle-resolved photoemission spectroscopy [13] , and are consistent with optical inversion techniques [9, 34] . This procedure may also be successfully applied to the YBa 2 Cu 3 O 6+y materials (see Supplementary Fig. S4 online) , as well as the iron-based BaFe 2 As 2 and CaFe 2 As 2 materials in their SDW states (see Supplementary Fig. S5 online) .
The significance of our finding is the common fractional power law behavior of the low-frequency optical conductivity (THz and far-infrared regions) in materials with Dirac cone-like electronic dispersion and nodal Fermi surfaces. More generally, the fractional power law behavior signals the importance of many-body effects in quantum materials with this unique electronic dispersion, where the fractional power law in conductivity is roughly equivalent to a nearly-linear frequency dependence of the scattering rate. Similar results have been found in single layer graphene in the linear dependence of the resistivity which is the result of electron-phonon (acoustic phonon) coupling [35] . However, in the materials discussed here, the electron-phonon coupling is weak. The power-law behavior observed in this work is likely the result of the scattering of nodal quasiparticles by low-energy (bosonic) excitations, or possibly some unique self-energy effect of the Dirac-like quasiparticles. What is common for these systems are the existence of antiferromagnetic spin fluctuations (or over-damped spin density waves in the SDW materials), which may be the underlying mechanism that gives rise to the nearly linear frequency dependence of the scattering rate.
METHODS
The temperature dependence of the absolute reflectance was measured at a near-normal angle of incidence over a wide frequency range using an in situ evaporation method [36] . In this study mirror-like as-grown crystal faces have been examined. The complex optical properties were determined from a Kramers-Kronig analysis of the reflectance [37] . The Kramers-Kronig transform requires that the reflectance be determined for all frequencies, thus extrapolations must be supplied in the ω → 0, ∞ limits. In the metallic state the low frequency extrapolation follows the Hagen-Rubens form, R(ω) ∝ 1 − a √ ω, while in the superconducting state R(ω) ∝ 1 − a ω 4 is typically employed; however, it should be noted that when the reflectance is close to unity the analysis is not sensitive upon the choice of low-frequency extrapolation. The reflectance is assumed to be constant above the highest measured frequency point up to 1 × 10 5 cm −1 , above which a free electron gas asymptotic reflectance extrapolation R(ω) ∝ 1/ω 4 is employed [38] . 
SUPPLEMENTARY INFORMATION Modeling the optical conductivity of the cuprates
The interpretation of the free-carrier response in the low-frequency optical conductivity of the hightemperature superconductors has always presented a challenge due to the curious nature of the flat, essentially incoherent, mid-infrared response [8] . Two approaches have been developed to model this behavior. The first is a single-component model which considers delocalized carriers interacting strongly with an optically inactive (bosonic) excitation in which the scattering rate and the effective mass both have a strong frequency dependence [39, 40] . The second approach is a two-component model which associates the low-frequency conductivity with a free-carrier response, and the mid-infrared conductivity with one or more bound excitations [41] .
Initially, we consider the two-component approach, where the optical conductivity has been fit in both the normal state by assuming that the scattering rate for the free carriers has a temperature dependence but is frequency independent, 1/τ (ω, T ) 1/τ 0 + O(T 2 ). This is equivalent to the Drude model for a metal. The midinfrared conductivity has been modeled with Lorentzian oscillators, so that the complex dielectric function˜ = Figure S1 | Frequency-dependent scattering rate of Bi2Sr2CaCu2O8+δ. The temperature dependence of the frequency-dependent scattering rate versus versus wave number (photon energy) for for the cuprate superconductor Bi2Sr2CaCu2O 8+δ at optimal doping (Tc = 91 K) for light polarized in the a-b planes. In the normal state, the scattering rates determined from the Drude-Lorentz fits agree well the extrapolated 1/τ (ω → 0) values; however, below Tc this model cannot accurately determine the scattering rates of the residual quasiparticles. Inset: the normal-state optical conductivity.
1 + i 2 for these two contributions is the simple DrudeLorentz model
where ∞ is the high-frequency contribution to the real part of the dielectric function, ω 2 p = 4πne 2 /m b and 1/τ are the square of the plasma frequency and scattering rate, respectively, and ω j , γ j and Ω j are the position, width, and oscillator strength of the jth vibration or bound excitation. The complex conductivity is σ(ω) = σ 1 + iσ 2 = iω [ ∞ −˜ (ω)] /4π, so that the real part of the optical conductivity is σ 1 (ω) = ω 2 /60 (in units of Ω −1 cm −1 ). The Drude-Lorentz model has been fit to the real part of the optical conductivity using a non-linear least-squares method. The result for the fit to optimally-doped Bi 2 Sr 2 CaCu 2 O 8+δ (T c = 91 K) for light polarized along the a axis in the normal state at 100 K yields ω p 8560 cm −1 and 1/τ 100 cm −1 . The agreement with experiment is quite good, but it should be noted that the number and location of the Lorentzian oscillators required to achieve this fit is somewhat ar-bitrary. The presence of these mid-infrared oscillators is difficult to physically justify given that the cuprates typically only have a single band crossing the Fermi surface [13] , with no other features nearby that would readily account for these excitations. This suggests that we should instead consider a single channel, or single component, for the conductivity in which the charge carriers are strongly renormalized.
The single-component model considers the simple Drude model for a uncorrelated metal, and introduces a frequency dependence into the scattering rate and effective mass,
The frequency-dependent scattering rate and mass enhancement factor may then be determined experimentally [39, 40] :
and
where m b is the band mass, m * (ω)/m b = 1 + λ(ω), and λ(ω) is a frequency-dependent electron-boson coupling constant. The temperature dependence of the frequencydependent scattering rate for optimally-doped Bi 2 Sr 2 -CaCu 2 O 8+δ is shown in Fig. S1 using the previously determined value for ω p in the normal state. Aside from 1/τ (ω) being somewhat smaller due to our choice of ω p , it is consistent with other results [42] . The polygons denote the values for 1/τ returned from the Drude-Lorentz fits. In general, we would expect the fitted values for 1/τ from the Drude-Lorentz model to agree with 1/τ (ω → 0) in the normal state, and this is indeed the case. At room temperature 1/τ (ω) is roughly linear in frequency, and therefore consistent with a marginal Fermi liquid [43, 44] . As the temperature is lowered the scattering rate develops a quadratic component just above T c up to 400 cm −1 , above which the scattering rate increases dramatically, as reflected by the kink in the optical conductivity at 100 K shown in the inset of Fig. S1 . This suggests that just above T c the transport in the normal state may be cautiously described as a Fermi liquid; this is in agreement with the proposed phase diagram of the high-temperature cuprate superconducors [10] . Interestingly, a similar quadratic frequency dependence in 1/τ (ω) has also been observed in the normal state of the strongly underdoped single-layer cuprate material HgBa 2 CuO 4+δ (T c = 67 K) and interpreted as evidence of Fermi-liquid like behavior [24] , indicating that the underdoped region of the cuprates is still a rapidly evolving area. Figure S2 | Frequency-dependent scattering rate in iron-based mateials. a, The temperature dependence of the frequency-dependent scattering rate versus versus wave number (photon energy) for BaFe2As2 for T > TSDW. b, The temperature dependence of the frequency-dependent scattering rate versus versus wave number (photon energy) for BaFe1.85Co0.15As2 for T > Tc. In both cases a curve with a quadratic frequency dependence has been superimposed on the low-temperature data.
Below T c the picture is considerably more complicated. While the collapse of the low-frequency scattering rate is consistent with the collapse of the quasiparticle scattering rate observed in the microwave experiments [17] , it is in fact due to the formation of a condensate that dominates the imaginary part of the optical conductivity, σ 2 . Adopting a simple two-fluid model for the behavior of the superconducting state [45] , it may be shown that for T T c , the condition σ 1 σ 2 is satisfied; given 1/τ (ω) ∝ σ 1 /(σ 2 1 + σ 2 2 ), then to leading order 1/τ (ω) ∝ σ 1 /σ 2 2 , indicating that below T c the scattering rate is dominated by the formation of a superconducting condensate. Therefore, in the superconducting state this approach may not be used to make any reliable statements about the scattering rate of the unpaired quasiparticles responsible for the residual conductivity.
The small values for 1/τ for T < T c determined from microwave studies indicate that we are in the ωτ 1 regime, so that if the unpaired quasiparticles constitute a Fermi liquid then σ 1 ∝ ω −2 behavior should be recovered; however, we instead observe the fractional power law σ 1 ∝ ω −1.2 . This indicates that while the carriers just above T c in the normal state might be described as a Fermi liquid, the optical properties of the residual conductivity below T c describe a non-Fermi liquid. (We note that as ω → 0 we will eventually recover ωτ ∼ 1, at which point we would expect a roll-off in the conductivity as it becomes largely frequency independent.) In summary, the one and two-component models both provide useful information about the normal and superconducting states. However, in the Drude-Lorentz picture the low-frequency Lorentzian oscillators required to obtain a reasonable fit to the optical conductivity do not have a clear physical origin, and it is likely that this is the result of the two-component model being forced to deal with a strongly renormalized free-carrier scattering rate. This suggests that at low frequencies the single component model is a better description of the delocalized carriers, which in the normal state close to T c , may be cautiously described as a Fermi liquid.
BaFe2As2 and BaFe1.85Co0.15As2
The pnictide materials are multiband systems [25] that have been modeled using a two-Drude approach [46] to describe the hole and electron pockets. However, in some of these materials it may be argued that a single band dominates the transport properties; the assumption of a single band allows the cautious application of the generalized Drude model. The frequency dependent scattering rate of the pnictide BaFe 2 As 2 (T SDW = 138 K) develops a clear quadratic frequency dependence in the non-magnetic state for T T SDW , shown in Fig. S2a , suggesting that this material may be described as a Fermi liquid. Interestingly, when the magnetic and structural transition in this material is suppressed though Co substitution in BaFe 1.85 Co 0.15 As 2 and superconductivity is induced (T c = 25 K), the quadratic behavior is observed in the normal state at low temperature, T T c , shown in Fig. S2b .
CaFe2As2
The iron-arsenic CaFe 2 As 2 material is similar to BaFe 2 As 2 , having a spin-density-wave (SDW) transition at T SDW 173 K, below which it remains metallic. The non-Fermi liquid power law behavior observed in the lowfrequency optical conductivity in the ground state of the cuprate materials and BaFe 2 As 2 , σ 1 ∝ ω −1.2 , is also observed in CaFe 2 As 2 material well below T SDW , as shown in Fig. S3 .
Decomposition of the optical conductivity of YBa2Cu3O6+y
The sharp structures in the conductivity in optimallydoped YBa 2 Cu 3 O 6.95 , shown in Fig. S4a , and in underdoped YBa 2 Cu 3 O 6.60 , shown in Fig. S4b , for light polarized along the crystallographic a axis are attributed to the normally infrared-active B 3u modes [47] , which have been fit to the data using Lorentzian oscillators (described earlier), in linear combination with a polynomial background. The oscillators are added to the fractional power law expression for the conductivity for the unpaired quasiparticles below T c and subtracted from the optical conductivity. In both cases a value of Ω 0 50 meV is obtained, which is once again consistent with inversion methods [34] . In the optimally-doped material, the estimate of ∆ 0 30 meV is similar to what is obtained in tunneling studies [48] . However, in the underdoped data there is a considerable amount of structure at low frequency and there is no longer an obvious feature that can be identified with the gap maximum. Figure S4 | The decomposition of the optical conductivity of YBa2Cu3O6+y. a, The optical conductivity of optimally-doped YBa2Cu3O6.95 versus wave number (photon energy) at 10 K with the residual quasiparticle conductivity removed; the subtracted spectra shows an onset of absorption at Ω0 and a local maximum at Ω0 + 2∆0. b, Underdoped YBa2Cu3O6.60 at 10 K.
Decomposition of the optical conductivity of BaFe2As2 and CaFe2As2
In the iron-pnictide materials, the metallic compounds BaFe 2 As 2 and CaFe 2 As 2 have magnetic and structural transitions at T SDW = 138 and 173 K, respectively, below which they remain metallic [25] . Below T SDW the Fermi surface undergoes a reconstruction and a Dirac-cone like gap opens in the electronic dispersion at (or close to) the Fermi level [27, 49] . In BaFe 2 As 2 at 80 K, and CaFe 2 As 2 at 5 K, the low-frequency conductivity is described quite well by the fractional power law σ 1 ∝ ω −1.2 . The residual conductivity has been subtracted from the optical conductivity in these materials in Fig. S5 revealing that, unlike the cuprate superconductors surveyed where the onset of absorption does not begin until ∼ Ω 0 , the absorption commences at a much lower frequency, ω 0. 
